Abstract: Lead isotope analysis is applied to Roman lead ingots to identify and recognise the importance of those from the mines of Cartagena, and to define the cluster characteristics of the Cartagena ore district on an isotopic map.
Introduction
The metallic deposits of the Iberian peninsula were exploited very early on and drew the attention of many Mediterranean peoples. As early as the Bronze Age, the Sierra Morena copper deposits were exploited. The silver and copper ores of the south-west (Riotinto, Tharsis, and so on) were worked by the Tartessians for the Phoenicians (8 th -5 th c. B.C.) while the lead and silver mines of the Sierra Morena and those near Carthago Noua (Cartagena) were worked by the Iberians for the benefits of the Greeks and Carthaginians (5 th -3 rd c. B.C.). Thus when, following the Second Punic war (218-210 B.C.), the Romans begin to conquer Spain, the wealth in metal of the peninsula was well known. They took hold of Cathago Noua and the nearby lead and silver mines and then extended the conquered territory by stages, waging war against the Lusitanians and the Celtiberians (153-133 B.C.), capturing Numantia (133 B.C.), fighting Sertorius (83-72 B.C.), and finally under Augustus campaigning against the Asturians and Cantabrians (25-19 B.C.) , all the time undertaking to exploit the country's resources, especially mineral. In the eyes of Rome, Hispania was nothing less than an Eldorado, just as America would be for Spain in the 16 th and 17 th c.
Of the metal-bearing deposits in Spain, the silver bearing galena mines of the Sierra Morena in N Andalusia and those in the vicinity of the town of Carthago Noua in SE Spain provided the conquerors with large amount of silver and lead. Polybius (34.9.8, quoted by Strabo 3.2.10) makes explicit mention of the mines of Noua Carthago; he emphasizes the extent of the deposits, the large number of miners working in them, and the amount of profit the State obtained from them. This leads us to think that, among all the Hispanic lead and silver mines, those of Noua Carthago played a major rôle in the Roman world at the end of the 2 nd and in the 1 st c. B.C.
We have had the chance to examine several Roman lead ingots produced in the mines of Hispania. By applying the lead isotope method we can better identify those from the mines of Noua Carthago, and can gain a better appreciation of their production.
The Cartagena lead deposits

Geological summary
The Sierra de Cartagena is a coastal mountain range located south of the region of Murcia and east of Cartagena, with a length of 23 kilometres and altitudes below 400 m. It contained one of the largest Pb-Zn accumulations in the peninsula (Oen et al, 1975) . The range belongs to the Internal Zones of the Betic Cordillera, which emerged together with the Rift Cordillera during the convergence between the African and Iberian plates (late Mesozoic to Cenozoic) (Sanz de Galdeano 1990). The Sierra de Cartagena shows three distinct major geological complexes superimposed on one another: from bottom to top, the Nevado-Filábride Complex (NFC), the Alpujárride Complex (AC), and the Neogene (N). The NFC comprises strongly-folded metamorphic rocks, with a lower series of graphite micaschists and greyish quartzites of Paleozoic age (LNF), representing the substrate of the Sierra, and an upper formation made up of micaschists, quarzites, marbles and green rocks, of Permo-Triassic age (UNF). The AC is formed of slightly metamorphosed rocks overlying the NFC, and comprises three nappes structural units: from bottom to top, the San Ginés Unit, the Portman and the Gorguel Unit. The latter appears only locally in the area of the Gorguel valley (see the geological profile, fig. 1b The most distinctive types of mineralization are the mantos or strata-bound polymetallic (Fe, Pb, Zn, Ag, Cu, Sn, Mn ) deposits, formed by replacement of Triassic limestones in the Lowest AC or San Ginés Unit (the primer manto) and of Triassic marbles in the Upper NF (the segundo manto), with great lateral extension and thicknesses of up to 80 metres in the case of the primer manto and 25 meters in that of the segundo manto (Manteca and Ovejero 1992) . There are also numerous major veins. Many lodes have lengths varying between 500 and 1000 metres, with a thickness of c.1m. Occasionally thicker veins have been exploited, such as the "Rothschild vein", up to 10 m thick, or even thicker ones such as the legendary "Cabezo Rajao vein", as much as 13 m thick and mined since pre-Roman times. In addition there are deposits such as disseminations and stock works; these two types affect Miocene sediments and vulcanites in particular. There are also significant surface gossan-type deposits, formed by oxidation of sulphides.
The main mineral paragenesis in the strata-bound deposits is greenalite-chlorite-magnetitesulphides-carbonates-silica. The sulphides show a predominance of pyrite, followed by sphalerite, galena, marcasite, and locally pyrrhotite, chalcopyrite, arsenopyrite, tetrahedrite and stannite (Oen et al. 1975) . The paragenesis in the veins is simpler, with a predominance of galena and sphalerite with carbonates and silica. Galena is always argentiferous and contains some 1.000 ppm of silver in average. In gossan zones ores occur as an oxide-hydroxide-sulphate-carbonatesilica association. The oxides are goethite, haematite, magnetite and manganese oxide; the sulphates include barite, anglesite, jarosite, alunite, and gypsum; the carbonates are siderite, cerusite, and smithsonite; silica appears as quartz, chalcedony and opal, and the clay minerals are vermiculite, metahalloysite, and dickite (Oen et al. 1975 ). The main mineral deposits in the central zone of the Sierra de Cartagena are of epigenetic character. They are of hydrothermal origin related to Pliocene magmatic activity, with a probable chronology between 7 and 11 million years, though they may contain even younger generations of sulphides, through the effect of later remobilizations (Manteca et al. 1992 ). There are also some minor galena deposits in the Portman Unit Triassic dolostones located in peripheral areas of the Sierra, such as the San Julian hill beside the city of Cartagena, which have syngenetic characteristics and might be of Triassic age. This type of galena deposit contains no silver, unlike other deposits in the rest of the Sierra.
The exploitation of the lead and silver deposits of Cartagena in antiquity
In the large stratatiform deposits (mantos), in which silver-bearing galena predominates, the areas worked to the greatest extent in antiquity were those crossed by more or less rich veins of the silver-bearing galena, which constituted exceptionally rich areas (Domergue 1987 th c., along with most of the ancient shafts and galleries excavated during the underground workings. On the other hand, the ancient mining waste left after the manual sorting of mineral ore by the miners at the pithead was scattered in time over the hillsides near the mine entrances and piled up in the gullies cutting across the mountain. This evidence of ancient mining activity is still there, studded with ancient artefacts (mainly amphoras and earthenware vessels), the study of which has enabled researchers to date the corresponding mining activity to between the 5 th and 4 th c. and especially in the . In short, fieldwork seems to show that in ancient times, and mainly in the Roman period in the 2 nd and 1 st c. B.C., the intense settlement of this area was linked to the exploitation of the silver-bearing galena of the Sierra de Cartagena.
Lead ingots from the Cartagena mines: the present state of knowledge based on archaeology and written sources Some idea of how important mining activity was can also be formed by examining the products of mines, tracing their distribution, making inventories, studying them and extracting the information they contain. Up to now there has been no information about silver ingots coming from the Cartagena mines. On the other hand, quite a number of lead ingots exist from this source, and many of these can be identified by the traditional method (place of discovery, epigraphy). These are the ones we will briefly consider (see Table 1 ).
Oblong in shape ( fig. 2 ), they are 10 cm high; they have a rectangular (45 x 10 cm) base. In cross-section they are roughly semi-circular; the short sides are slanted, and they weigh c. 32-33 kg, the equivalent of 100 Roman librae (32, 740 kg). However, these characteristics (sometimes with variations, for example in weight) are also those of more or less contemporary ingots from the mines of the Sierra Morena, as emerges from the cargoes of the wrecks Cabrera 5 or Sud- The discovery of other ingots in the mining territory itself (ingots produced by the Roscii, at the caserío de Roches, not far from the Cabezo Rajado), in the port of Cartagena during various exploratory operations (e.g., the dredging of the harbour in 1878, or on the occasion of recent underwater excavations in the outer harbour of Escombreras (Pinedo Reyes, Alonso Campoy 2004) confirms this preliminary information and/or allows the list to be expanded.
At present, the traditional methods of investigation attribute to the mines of Carthago Noua ingots produced by individuals called Appuleius, Aquinius, Atellius, Aurunculeius, Cornelius, Dirius, Fiduius, Furius, Gargilius, Iunius, Laetilius, Lucretius, Messius, Nona, Nonius, Planius, Pontilienus, Raius, Roscius, Seius, Turullius, Varius, Vtius. In fact, the variety of stamps with these names appears in a variety of combinations, so that this list of 23 names represents at least 42 different brands and c.970 ingots. These figures and the dispersion of the ingots throughout the Roman West provide some idea of the importance of the production and trade in lead from the 3 These producers' habit of marking lead ingots with the names moulded with raised letters in rectangular panels on the upper part of the ingots appears first in Spanish ingots. This habit will be followed by the producers of lead ingots in Britain, Germany and Sardinia. On the mould-marks of the ingots from Carthago Noua the producers sometimes have the tria nomina, sometimes only the duo monima; filiation is generally indicated, sometimes also the name of the Roman tribe. Some of the producers are freedmen. They are generally individuals, sometimes associates. Figurative symbols (anchor, dolphin, rubber, etc.) may appear in the mould-marks, the variety of which is shown in Tables 1, 3 and 4. mines of Cartagena. In addition, other ingots, with poorly characterized features (an unusual form, mould-mark missing or erased, lack of epigraphical comparison), may derive from the Cartagena mines. In order to identify those, we turn to lead isotope measurement. Pb). The geological age of the formation and the fact that these two elements originally had a different content in the minerals forming the earth's crust generate variable isotopic compositions in the minerals from which lead is extracted. The treatment of the samples under study was performed at the Ispra (I) laboratories of the Joint Research Centre of the European Commission, with the isotopic measurements performed at LIMS (Laboratory for Isotopic Mass Spectrometry), Verbania (I). A Finnigan 262 mass spectrometer was used for the purpose, equipped with a variable multi-collector with extensive optical geometry. Although our samples came directly from ingots, the preliminary chemical treatment of samples like these is of particular importance because all the operations must be performed avoiding any possible lead contamination, whether from the environment or from reagents and materials. Consequently, a cleanroom of a class lower than 100 was used for the pretreatment of the samples. MilliQ water and ultrapure reagents were redistilled twice, while only ultra-cleaned FEP (FluorEthylPropilene) was used as containment material. To avoid the influence of possible metal impurities 1 mg of lead was sampled and then purified by passage on a microcolumn containing anionic resin, adapting a well-known procedure (Koide and Nakamura 1990).
Discussion: geology, mines, archaeometry, archaeology and history
Studies in which the measurement of isotopic ratios is undertaken to distinguish such small numerical differences, usually called "isotopic anomalies", demand an extremely high level of analytical precision. More precisely, for this kind of investigation both the statistical variablesprecision and accuracy -necessary to assure good-quality data must be lower than the discrimination value used to separate different known geographical origins. In our case the combination of precision and accuracy, defined as the "final uncertainty", is lower than one digit in the third decimal place, meaning that in general and for all the isotopic ratios measured, the final error is ≤ 0,1%. Table 1 gives the results of the measurements obtained on the 43 samples taken from the ingots under examination; the same table reports for each ingot both the identification parameters (mainly epigraphic) and the sites of discovery and preservation. In a previous study (Domergue et al., forthcoming) we used the same equipment and methodology to measure the lead isotope ratios in 20 of the 102 ingots recovered from the cargo of the Comacchio (I) wreck. (late 1 st c. B.C.) ( fig.3 ). The results gave an isotopic signature corresponding to Cartagena mines for 17 ingots, with the other 3 showing an isotopic signature closer to the Almeria mine district, which is geologically more recent. In the Comacchio study, the question of whether it was possible to characterize two separate geological systems present in the Cartagena ore deposits (one of these being close to the Almeria mines), or whether there was only one system different from that of Almeria, was left unresolved. In the present study we measured 43 ingot samples presumably of Cartagena origin (insofar as they all came from manufacturers known at Cartagena) with the aim of verifying their geographical origin through their isotopic signature and then including the results on the isotopic map of SE Spain. The results are graphically reported on a general isotopic map (Graph.1) and in greater detail in Graph. 2.
Of some 300 mineral and ingot samples recently measured (the results are not yet published), a series of 13 Roman and 7 pre-Roman ingots with no epigraphic information nor any indication as to their geographical origins were found to fall into the Cartagena cluster by virtue of the total consistency of their lead isotope ratios with the amount of data now available. 
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Graph 5. Spanish cluster areas. The cluster defined by 66 Roman lead ingots having their origin in Cartagena is very close to the cluster formed by the lead mineral samples collected in the Cartagena ore district. The small differences between these two clusters are probably due to the mass spectrometry measurements which are not homogeneous (some old measurements can be affected by higher uncertainties).
Graph 3 clearly highlights why these ingots are to be included in the Cartagena cluster. The group in this list of Roman and pre-Roman ingots of unknown geographical origin can be examined:
Pre-Roman Ingots
The 7 pre-Roman ingots were cast in their characteristic shape using Pinna Nobilis (L.) shells (fig.4) Our findings are highly positive, first as regards the methods used. There is no divergence on the one hand between the isotope data provided by various laboratories (three in the case of the Planii or Pontilieni ingots, for example: Tables 1 and 3) , and on the other more generally between the isotope data and the results emerging from archaeology and epigraphy. The epigraphic method, sometimes aided by geographic observations (findspot near the mines, for example), often yields good results, at least when the ingots bear legible stamps, with the names of the producers, and if there is a good data bank of epigraphic references. This is the case with Carthago Noua, but matter are not always so straightforward: for example, as regards ingots from the Sierra Morena mines, the epigraphic line of reasoning may be inadequate, although those ingots too carry the producers' stamps, as the mines in that region were not so clearly associated with an urban centre like Carthago Noua.
Yet, as regards ingots where the nomen of the producer cannot be tied to Carthago Noua, the epigraphic argument has no validity. That is the case with the ingots stamped with the names of one Gaius Appius or one Marcus Pinarius (Tables 3-4) . To be sure, the uniformity of the cargo can be invoked (the cargo of the Mal di Ventre wreck of the mid-1 st c. B.C. is a good example), but this may be risky, as cargoes of metal may have been made up of ingots of different origins. Under these conditions the isotopic method will carry more weight. For a variety of reasons, however, the isotopic argument may be weakened. This is the case with the ingot of the Magdalensberg produced by a certain Gaius Iunius, but in this case the epigraphic argument may come to the assistance of the isotopic, and may here be the deciding factor (Domergue and Piccottini 2004) . Finally, when ingots are anepigraphic, as with pre-Roman ingots (Table 2) , the isotope method is the only feasible one. The same holds true if the mould-marks are lacking or have been erased (Table 2 ). In short, the two methods of investigation gain strength from a comparison between them.
The combined approach yelds a clearer picture of the trade in lead from the Carthago Noua mines (Table 4 and fig. 5 ). It emerges that the period of production and trade of this lead throughout the Mediterranean world was longer than was previously thought, particularly in the earlier period. Now we may be certain that it was exported as far back as the 3 rd c. B.C. This dating will undoubtedly be narrowed down further in the future, but at least it shows that lead from Carthago Noua was transported along the sea routes well before the Roman period. It is also true that the peak of lead production from Carthago Noua occurred at the end of the 2 nd and especially in the 1 st century B.C., as illustrated by the magnificent ingots from the Mal di Ventre wreck of the mid-1 st c. B.C. or those from the Escombreras 2 wreck at Cartagena of the 1 st c. B.C. (fig. 2) . Until now, the ingots from Comacchio wreck of the late 1 st c. B.C. (fig. 3 ) appeared to mark the end of this period, seeming to provide a terminus ante quem in the Augustan age, in c. 15-10 B.C. (Domergue et al. forthcoming) . However, measurements of the lead isotope ratios of samples from three lead ingots from Baie de l'Amitié wreck at Marseillan (Table 2) identifies them as belonging to the Cartagena cluster. That poses a problem because of the dating of the wreck (A.D. 50.150), making it the only group of ingots from Cartago Noua mines later than the 1 st c. B.C. 4 During the 2 nd and 1 st c. B.C., the lead producers from Carthago Noua established a regular trading network in the W Mediterranean, as the results of our multidisciplinary investigation show ( fig.5 ). Our starting point was not promising (Cabrera 2, from the Balearics and Îlot de Brescou at Agde, both of the 3 rd c. B.C.), but those wrecks were already located on two of the great sea routes of the end of the Late Repubblic: the Spain-Italy link via Balearics and the coastal route. With progress in research, and with input from epigraphy as well as analyses (e.g., of ingots without trademarks found off the coasts of Corsica), these routes and others are becoming clearer. The ingots from Basle and Magdalensberg testify to the entry of Spanish lead into continental Europe. However, the ingots from the Gavdos wreck (1 st c. B.C.) are probably nothing more than a coincidence: they were very likely part of the ship's stores, used for the repairs which were from time to time necessary on a ship on the high seas trading with the E Mediterranean, rather than the remains of a cargo of metal destined for that far-off region.
